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ABSTRACT 
Numerical investigation of free convection heat transfer in an attic shaped enclosure with 
differentially heated two inclined walls and filled with air is performed in this study. The left 
inclined surface is uniformly heated whereas the right inclined surface is uniformly cooled. 
There is a heat source placed on the right side of the bottom surface. Rest of the bottom surface 
is kept as adiabatic. Finite volume based commercial software ANSYS 15 (Fluent) is used to 
solve the governing equations. Dependency of various flow parameters of fluid flow and heat 
transfer is analyzed including Rayleigh number, Ra ranging from 103 to 106, heater size from 0.2 
to 0.6, heater position from 0.3 to 0.7 and aspect ratio from 0.2 to 1.0 with a fixed Prandtl 
number of 0.72. Outcomes have been reported in terms of temperature and stream function 
contours and local Nusselt number for various Ra, heater size, heater position, and aspect ratio. 
Grid sensitivity analysis is performed and numerically obtained results have been compared with 
those results available in the literature and found good agreement.   
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AR     Aspect ratio[-] 
g Gravitational acceleration[m/s2] 
Gr Grashof  number[-] 
H   Enclosure height[m] 
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L Heater size[m] 
Nu    Local Nusselt number[-] 
Nu                   Mean Nusselt number[-] 
p                                            Pressure[N/m2] 
P Dimensionless pressure[-] 
Pr   Prandtl number[-] 
Ra Rayleigh number[-] 
S Distance between the heater center line and enclosure midline[m] 
t Time[s] 
T Temperature[K] 
T0    Reference temperature[K] 
TC Cold wall temperature[K] 
TH Hot wall temperature[K] 
u Horizontal velocity component[m/s] 
U Dimensionless horizontal velocity component[-] 
v Vertical velocity component[m/s] 
V Dimensionless horizontal velocity component[-] 
W  Enclosure half base [m] 
x Horizontal coordinate character[m] 
X   Dimensionless horizontal coordinate character[-] 
y Vertical coordinate character[m] 
Y  Dimensionless vertical coordinate character[-] 
Greek  
α  Thermal diffusivity[m2/s] 
β Thermal expansion coefficient[1/K]  
υ                                               Kinematic viscosity[m2/s] 
θ   Dimensionless temperature[-] 
ρ Density[Kg/m3] 
τ  Dimensionless time[-] 
 
1. INTRODUCTION 
One of the most important forms of fluid flow and heat transfer in an enclosure is due to natural 
convection where the fluid motion is simply induced by density gradients as a result of 
temperature difference. Two main classes of natural convection have been studied [1]: 1) Basic 
temperature gradient is aligned to the direction of gravity. 2) Basic temperature gradient is 
orthogonal to the direction of gravity. The first one is also known as the heating from below class 
and the second one is referred to as the heating from the side class. 
Natural convection in triangular enclosure has received extensive attention since it has many 
industrial applications in energy transfer in rooms and buildings, convective motion in solar 
stills, nuclear reactor cooling, and electronic equipment cooling. 
Roll-configured cells consisting of two rolls that twist in contradictory directions are generated 
in an enclosure heated from below indicating a classic Rayleigh- Benard convection. For small 
values of Ra in a triangular cross sectional enclosure, the base flow primarily consists of one 
large pair of rolls, rising up to near the inclined walls and descending adjacent to the symmetry 
plane of the enclosure. Increment of Ra to a critical value causes cell bifurcation. At the hot base, 
instabilities are activated and the generated vortices became larger until they approach the cold 
inclined wall and then split into opposed-rotating cells, namely secondary cells [2]. AR, Aspect 
Ratio, determines the value of the critical Ra at which these instabilities arise. The larger the AR, 
the higher the critical Ra. Increasing AR to a critical value while keeping Ra constant, cell 
disengagement takes place. Del Campo et al. [3] employed the Galerkin weighted residual finite 
element method with triangular elements to a stream function-vorticity-energy formulation to 
obtain steady-state solutions for two sets of bottom heater and side wall heater configurations. 
Heated inclined walls create more distinctive flow pattern completely dependent on the 
triangular configuration. They understood that flow potency and heat transfer rate were much 
higher in the bottom-heated enclosures than in the top-heated enclosures. Considering heat 
transfer phenomena, the bottom heated enclosures are generally more effective in terms of the 
amount of heat transfer than those which are top-heated. Increasing Gr and AR causes a growth 
for the mean Nu while reaching critical AR, after which it reduces.  
First experimental investigation on natural convection in triangular cross sectional enclosure was 
accompanied by Probert and Thirst [4, 5]. Using interferometer, they found the optimal pitch 
angle leading to the minimum rate of heat transfer in the attic of a modeled pitched roof with 
specified boundary condition. They showed that the contribution by convection heat transfer is 
increased rather than conduction with the increase of AR up to a critical value of aspect ratio. 
Flack et al [6] used laser velocity meter and an interferometer to measure convection velocities 
and heat transfer rate of a bottom heated and cooled inclined walls of a triangular enclosure filled 
with air. Single roll circulation in each half of triangular cross section was reported and transition 
to turbulence occurred for larger Ra. Gradual dependency of mean Nu on Gr, regardless of 
geometry, was observed for the mentioned case.  
Natural convection within right triangular enclosure with bottom heater and cold side walls for 
air and distilled water was studied by Poulikakos and Bejan [7, 8] where Rayleigh-Benard 
convection problem occurred. Strong dependence of mean Nu for the heater was reported and 
single cell flow pattern was observed. They also suggested a new relationship for mean Nu when 
air filled the enclosure.  
Holtzman et al. [9] performed series of experiments using smoke filled triangular of bottom 
heated and cooled side walls enclosure. Symmetry assumption was reported for lower Gr, with 
the increase of Gr asymmetry and multicellular flow progressed inside the enclosure denoting 
the appearance of pitchfork bifurcation. Number of counter rotating cells and asymmetricity 
were increased for the above value of a critical Gr. Ghassemi and Roux [10] reported the 
reduction of mean Nu when the pitch angle is increased due to the increment of distance between 
cold and hot wall.  
The above mentioned boundary condition was also investigated by several other researchers [11, 
12]. Effect of various parameters such as pitch angle, Ra and AR of the enclosure on mean Nu of 
the heated walls and fluid behavior can be seen in [13-24]. They reported the configuration of the 
cells formed within the enclosure. 
Triangular enclosure differentially heated from the inclined walls was firstly studied by Flack et 
al. [25-27]. They used experimental techniques to provide flow and heat transfer data for 
triangular enclosure heated from both inclined walls and kept cold from the bottom as well as the 
triangular enclosure with cold and hot side walls and kept insulated from the bottom. A single 
pair of counter twisting cells on each half was reported for both heated inclined walls and cold 
bottom while the flow stands laminar. Heated and cooled side walls with the insulated or cold 
bottom exhibited different behavior; a single vortex occupying the entire enclosure. The core of 
the enclosure is motionless while the fluid flow beside the inclined walls is approximately 
boundary layer type. The average distance of the heated bottom and upper cooled inclined walls 
reduced with the AR leading to enhancement of the rate of heat transfer. 
Akinsete and Coleman [28–30] performed important numerical evaluations for the alongside 
heated enclosures employing Finite-Difference technique of the steady-state stream function-
vorticity-energy formulation. Their results revealed that one-third of the base wall length near the 
corner accounted for more than half rate of the heat transferred across the wall for the two cases 
of isothermal and isoflux inclined walls. Also, the mean Nusselt number decreased as the aspect 
ratio was increased. Hasani and Chung [31,32] reported a critical Ra for both heated inclined 
walls and cold bottom enclosure which the Rayleigh numbers above that cause the flow to 
tighten the single cell between the inclined walls forming a large motionless zone. Further 
increasing the Ra, cell ramification happens through the vertical side of the enclosure. 
 Asan and Namli [33] numerically repeated the studies of [28–30] using finer grid and improved 
numerical strategy. They illustrated multiple cell flow scheme containing two counter-twisting 
cells at the core for lower Ra and secondary vortices progressed near to the upright mid height 
for higher Ra, below the critical Rayleigh number. Further increase of Ra, beyond the critical 
value, caused larger secondary vortices while the main circulation is being reduced in size. With 
the decrease of AR, higher Ra is required to change the flow pattern into multicellular flow. 
Basak et al. [34] investigated free convection heat transfer within a right triangular enclosure 
with insulated base wall. The influence of alternating thermal boundary conditions on the vertical 
and inclined walls reported for Ra and Pr varying from 103 to 105 and 0.07 to1000, respectively. 
Pseudodiffusive flow pattern altered to convection-dominated structure for increment of Ra. 
Also, they showed that Nu for upright wall enhanced up to approximately √2  times that of the 
inclined wall, for all Ra and Pr values. 
 Saha et al [35-40] have reported a complete discussion of the fluid dynamics in attic 
space imposing isothermal, periodic, sudden and ramp heating boundary conditions. Total 
amount of heat transferred thorough the heated walls was studied. Stratification or instability of 
the flow were represented for various thermal condition and Ra. Also theoretical understanding 
of the transient behavior of the flow in the enclosure was performed through scaling analysis. 
The above literature indicates that the two heated boundary conditions consisting of a heated 
inclined wall and a heated source with limited length on bottom wall combined in a triangular 
enclosure has not been studied in detail and it still needs to be quantified well as may happen in 
many real houses and compartments of buildings or other industrial applications. Since much 
rate of heat transfer through base wall is accounted for more than half length close to the cold 
boundary condition, we selected an isolated heat source near the cooled inclined wall. 
 
2. DEFINITION OF PHYSICAL MODEL 
Physical model is defined in Fig. 1. Dimensions and boundary condition of each side wall is 
illustrated. In this model, heater is located at the bottom wall with length of L and distance of its 
centre to the triangle midline is S. Length of triangle height and half base is H and W, 
respectively. Right and left inclined walls have constant cold and hot temperatures while the 
bottom heater is heated to the same temperature as left wall. Other parts of triangle base are 
adiabatic. No slip boundary condition is assigned for three walls of the enclosure. 
 
3. GOVERNING EQUATIONS AND SOLUTION METHOD 
Natural convection of air within triangular enclosure is considered. Governing equations for 
laminar regime in 2D assuming unsteady state, incompressible fluid with Boussinesq 
approximation for coupling the temperature field to flow field, are:  
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(4) 
Where T and T0 are temperature of fluid and reference temperature, respectively, x and y are 
main Cartesian coordinate variables, u, v, t, p, g, ρ, β, υ and α are velocity component in x 
direction, velocity component in y direction, time, pressure of fluid, earth acceleration, density of 
fluid, thermal expansion coefficient and thermal diffusivity, respectively. The employed non-
dimensional variables are given as: 
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After incorporating above dimensionless variable, Eqs. 1 to 4 changed into: 
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(8) 
Radiation heat transfer is not considered and gravity acts in vertical direction. Velocity 
components have no value on the walls. Constant temperature thermal boundary condition is 
assigned to the both inclined walls as below: 
wallinclinedlefton1=θ
 
wallinclinedrighton0=θ
 
To define a heat source on the bottom wall, a limited length of L from bottom wall is maintained 
at constant temperature of TH: 
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Two important parameters of local Nu and mean Nu are widely investigated as mentioned in the 
literature review, so they are defined as follow, respectively: 
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(10) 
Eqs. (5)–(8) are solved along with the initial and boundary conditions using the SIMPLE 
scheme. The Finite Volume scheme has been chosen to discretize the governing equations, with 
the QUICK scheme approximating the advection term. The diffusion terms are discretized using 
central-differencing with second order accuracy.  
 
4. RESULTS AND DISCUSSION 
4.1 Grid sensitivity and validation of results 
Numerical tests employing different grid sizes ranging from 12000 up to 16000 triangular 
elements, it is concluded that the optimal computational mesh that contributed grid independent 
solutions consists of 15700 triangular elements. Symmetrical meshes with respect to the 
midplane of the triangular enclosure were considered. Element density was enhanced in sensitive 
areas such as near the walls. Grid independence for some quantities is achieved within 1.5% at 
the highest Rayleigh number, Ra=106.  
Validating numerical results, we have assumed a complete adiabatic thermal boundary condition 
for bottom wall, whereas the right and left walls are differentially heated. For AR=1, 
Gr=2.1577×107 and Pr = 0.71, we compare numerical results of local Nu for cold inclined wall 
with Flack et al [27]. Fig. 2 presents a satisfying agreement between the current results and 
previous experimental research. 
 
4.2. Transient flow development 
This section discusses about the change in dimensionless temperature time series for a specified 
point adjacent to the bottom heater for various Ra when AR=0.5, S/W=0.5 and L/W=0.5. Fig. 3 
illustrates the variation of dimensionless temperature, θ, versus dimensionless time, τ, at the 
point (1, 0.01). It can be concluded that after a sudden differential heating, temperature variation 
is divided into 3 distinct sections: 1) Initial rising, 2) Transitional stage, 3) Steady state. 
Formation of thermal boundary layer at the initial time is dominated by conduction. After several 
overshoots and undershoots at the intermediate transitional stage, it is dominated by both 
conduction and convection where the temperature assuages to a steady state condition. For the 
differential heating of a triangular cavity with the heater at the bottom edge, a cold thermal 
boundary layer is formed adjacent to the cold right incline wall. After the downward intrusion of 
this layer along the cold incline wall to proximity of the bottom heater, a sudden drop is seen in 
dimensionless temperature time series, right after initial rising. With the increase of Ra, the 
traveling cold raging boundary layer originated from the cold incline gets stronger and several 
overshoots and undershoots are captured rather than the lower Ra. With the increase of Ra, the 
dimensionless temperature is reduced due to a less thick thermal boundary layer or sharper 
temperature gradient at higher Ra. Also it takes much time for lower Ra thermal boundary layers 
to reach steady state condition rather than higher Ra thermal boundary layer. 
Fig. 4 displays temperature contour within the cavity for various dimensionless time at Ra=105, 
S/W=0.5, L/W=0.4 and AR=0.5. It is evident that after τ = 0.01, thermal boundary layers besides 
the right and left heated walls get thicker where the cold raging boundary layer is travelling 
along the right wall toward the bottom edge. At τ=0.015, hot fluid intrusion into core of the 
cavity is seen from the bottom heater. When the cold raging layer diffuses to near bottom heater 
(τ=0.02), the mentioned hot fluid intrusion is separated from the heater arising to the core of 
cavity. The separated hot fluid is dispersed within the enclosure. After that, the cold layer ups 
stand on the right wall near the bottom heater for the rest of the time. Note that, thickness of 
thermal boundary layer besides the hot left inclined wall is nearly constant. This may be 
attributed to the fact that the hot fluid separated from the bottom heater, gets closer to the left 
edge imposing a constant temperature gradient to keep thickness and shape of the thermal 
boundary layer nearly unchanged. 
 
4.3. Steady state flow 
Temperature and stream function contours for different Ra at AR=0.5, S/W=0.5 and L/W=0.4 are 
shown in Fig. 5. For Ra=103, a very thick thermal boundary layer occupies half of the enclosure 
and a large cell is formed at the core of the cavity. Increasing Ra, leads to thinner thermal 
boundary layer at left heated wall and the cell is elongated toward the right side (Elongation of 
cell to the right side causes the cold lumped layer on the right edge move downward). At this 
condition, thermal boundary layer at lower part of left heater gets thicker and the cell occupies 
larger area of the cavity. This is due to the fact that higher Ra imposes greater temperature 
gradient on the walls and then much area of the enclosure is influenced by the vorticity created at 
the centre. Further increase of Ra results to an elongated cell toward the right corner and the 
thinner thermal boundary layer on the left heated wall as much as possible. 
Fig. 6 illustrates temperature and stream function contours for different AR when Ra=105, 
S/W=0.5 and L/W=0.4. For AR=0.5 and 1, a large cell is formed at the centre with a lumped layer 
on cold wall near the bottom heater. But for AR=0.2, a large elongated cell at the core and two 
small cells beneath the cold boundary condition are formed. This is related to the fact that with 
the decrease of AR, mean distance of the cold wall and bottom heater is reduced and a smaller 
version of triangular cavity is formed between the right, and bottom edge restricted by the big 
cell at the core.  
Effect of heater size on the flow field is shown in Fig. 7 for different heater size when Ra=105, 
S/W=0.5 and AR=0.5. For L/W=0.2, lumps of boundary layer at the bottom heater and right cold 
wall is evident and a large cell is formed at the core. Then, enhancing the size of bottom heater to 
L/W=0.4, will lead to confronting the cold and hot lumps of right wall and bottom heater, 
respectively. Further increase of heater size reinforces the generation of cells at the right corner. 
In other words, for L/W=0.6, cold and hot walls are very close to each other and this will cause 
cellular movement of fluid restrained between the bottom heater, right cold wall and the large 
elongated vortex. 
Effect of bottom heater position on flow behaviour within the cavity is shown in Fig. 8 for 
Ra=105, L/W=0.5 and AR=0.5. By decreasing the mean distance of bottom heater and right cold 
wall, thermal boundary layer is reduced on the cold edge and a sharp overshoot is seen for the 
S/W=0.7. It is evident that thermal boundary layer is also reduced on the hot inclined wall.  
4.4. Heat transfer 
Fig. 9 displays unsteady mean Nu  time series for left inclined wall for different Ra at AR=0.5, 
L/W=0.5 and S/W=0.4. It is evident that for higher Ra, higher value of mean Nu is reached at the 
steady state condition and this is due to the fact that higher amount of temperature gradient is 
gained for the higher Ra. For the initial time, mean Nu is decreased due to growth of thermal 
boundary layer, then after the intrusion of cold boundary layer toward the hot edge, the mean Nu 
is suddenly decreased and depending on the amount of Ra, several overshoots and undershoots 
are created at the intermediate transitional stage. For higher value of Ra, stronger travelling 
waves generate more overshoots and undershoots, then reaches steady state condition earlier than 
lower Ra. The same pattern was captured for the bottom heat which is shown in Fig. 10. 
Unsteady mean Nusselt number of bottom heater for the investigating parameters in Fig. 10 is 
shown in Fig. 11. With the increase of AR, Fig. 11a shows that the number of cells reduces and 
the mean distance of the bottom heater and right cold wall is increased. Therefore, the heat 
transfer performance of the bottom heater is descended. Increasing the length of the bottom 
heater will enhance the heat transfer area which reinforces the amount of average Nu (Fig. 11b). 
Higher values of Ra, generate stronger temperature gradients which increases the mean Nusselt 
number as shown in Fig. 11c. There is a critical value for average Nusselt number when moving 
the bottom heater closer to the right cold wall and at this critical displacement, bottom heater has 
the worst heat transfer performance(See Fig. 11d)). 
Fig. 12 displays average Nusselt number for the left inclined edge keeping at the Fig. 10 
investigating conditions. It is evident from Fig. 12a that there is a critical value for mean Nu 
when varying the AR. With the increase of bottom heater size, the hot fluid within the cavity 
heated by the bottom heater is dominated and this fact reduces the heat transfer performance of 
the left cold wall (Fig. 12b). With the enhancement of Ra (Fig. 12c) and distance of bottom 
heater from right wall (Fig. 12d), the mean Nu of hot inclined wall is increased. 
5. CONCLUSIONS 
Numerical experiments were carried out to investigate about the thermal behaviour and flow 
field of naturally air convection within a triangular cavity of differentially heated from inclines 
with a heat source at bottom wall. Significant dependency of several flow parameters of fluid 
flow and heat transfer is studied including Rayleigh number, Ra ranging from 103 to 106, heater 
size, L/W from 0.2 to 0.6, heater position, S/W from 0.3 to 0.7 and aspect ratio, AR from 0.2 to 
1.0 with a constant Prandtl number of 0.72. Some important outcomes are as follow: 
• It can be concluded that after a sudden differential heating, temperature variation at a 
point adjacent to the bottom heater is divided into 3 distinct sections: 1) Initial rising, 2) 
Transitional stage, 3) Steady state. 
• Bottom heater has significant effect on the thermal behaviour of the left heated wall 
which analyzed through the paper. 
• For higher value of Ra, stronger travelling waves generate more overshoots and 
undershoots, then mean Nu time series reaches steady state condition earlier than lower 
Ra. 
• Increase of Ra not only results to an elongated cell toward the right corner but also to  the 
thinner thermal boundary layer on the left heated wall as much as possible. 
• With the decrease of AR, mean distance of the cold wall and bottom heater is reduced and 
a smaller version of triangular cavity is formed between the right, and bottom edge 
restricted by the big cell at the core. 
• Increase of heater size reinforces the generation of cells at the right corner. 
• By decreasing the mean distance of bottom heater and right cold wall, thermal boundary 
layer is reduced on the cold edge and a sharp overshoot is seen for the S/W=0.7. 
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 Fig. 1: Physical model. 
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Fig. 2: Distribution of the local Nu along cold wall boundary condition: Comparison with 
experiment. 
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Fig. 3: Dimensionless temperature time series at point just above the bottom heater, (1, 0.01), for 
various Ra at AR=0.5, S/W=0.5 and L/W=0.5. 
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Fig. 4: Temperature contours for different dimensionless time when Ra=105, AR=0.5, L/W=0.5 
and S/W=0.4 
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 Fig. 5: Temperature (left) and stream function (right) contours for different Ra when AR=0.5, 
S/W=0.5 and L/W=0.4 . 
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Fig. 6: Temperature (right) and stream function (left) contours for different AR when Ra=105, 
S/W=0.5 and L/W=0.4 . 
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 Fig. 7: Temperature (left) and stream function (right) contours for different heater size when 
Ra=105, S/W=0.5 and AR=0.5. 
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 Fig. 8: Temperature (left) and stream function (right) contours for different heater position when 
Ra=105, L/W=0.5 and AR=0.5. 
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Fig. 9: Unsteady mean Nu  time series for left inclined wall for different Ra at AR=0.5, L/W=0.5 
and S/W=0.4. 
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 Fig. 10: Unsteady mean Nu time series for bottom heater for different Ra and AR=0.5, L/W=0.5 
and S/W=0.4. 
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 Fig. 11: Mean Nu for bottom heater at steady state time: a) different AR at Ra=105, S/W=0.5 and 
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